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Photons realizes communication qubits

Photons :

* Are chargeless

* Do notinteract very strongly with each other, or even with most matter.

* Are guided along long distances with low loss in optical fibers, atmosphere, or free space

* Are delayed and manipulated efficiently in room temperature using traditional optics phase

shifters, phase retarders, mirrors, beam splitters...etc.

Quantum photonic systems

There is no need for special experimental facilities in Labs (Readily implementable in Egypt)



Steps of Quantum Computing

(2) Processing quantum states
 Quantum gates : Unitary rotations
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(1) Initializing quantum states (3) Measuring quantum states
* Single-photon generation (and preparation) * Projection

e Single-photon detection



How to generate single photons?



1- Generation of Single photons: Faint laser pulses

It’s important in photonic quantum computing to have a single-photon source producing Single-photon Fock state:
|n) withn = 1. (also called photon number state)

Mean number of photons/pulse is A = Eyy ;50 /hV

‘ ‘ ‘ ‘ ‘ ‘ Attenuator
#
Pulsed Laser o B -

coherent state:

Very good approximation of laser pulse is the Coherent state ———
n Photons are thermally distributed within the coherence time la) =
Poisson distribution
0.40— T . .
0.35} Probability of n photons/pulse given that mean photon number is 4
0.30f
- A" Poisson distributi
025 P(n) = oAl oisson distribution
&, 0.20f n!
AL 0.15}
0-10r @ @ @ @ Example: for 1 = 0.1
223 P(0) = 90% (empty pulses)

o 5 10 15 20 |Fajntlaser is not ideal Single- P(1) = 9% (single-photon pulse)
photon source P(> 1) = 1% (more than a photon / pulse)



M

Number of photons/pulse is described by: |a)
Example:

A = 0.1, in this case:
la) =v0.9 10) ++0.09|1) + 1/0.002|2) + ---
This approximate the single photon Fock state |1), but with:
* 90% empty pulses (this is not a big problem!!)
* 90 single-photon pulses

* 1% more than a photon. (A problem in some protocols)

One photon More than one
per pulse photon per pulse

lgnoring the empty pulses, there is a possibility of about 90% success and 10% failure.

No indication whether the pulse is empty or occupied. Therefore, two of this source cannot be synchronized.
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How to detect single photons?



Detection of Single photons

Avalanche photodetectors (APDs) outputs an electronic pulse in response to one input photon
(producing an electron-hole pair)

APD Circuit Operation modes of APD

Vav

IAZD Linear mode Geiger mode

Single photon detection with passive quenching

(large R) Ryias

Iapp Light detection

Gate

VAPD

(Heavily
reverse
biased)

| th—
Current lnpp ‘

Varp

v breakdown voltage

Single-photon avalanche diode (SPAD)
operating in Geiger mode

Single-photon pulses /\ /\ /\ /\ /\ /\ Electronic pulses (e.g., in volts)
i . cable




13.1 The photon (zero rest mass, chargeless)

carries electromagnetic energy and momentum, as well as spin angular momentum (SAM) associated with its

polarization properties. It can also carry orbital angular momentum (OAM).

In other words, Degrees of freedom (DoFs) of light are
* space/momentum (linear momentum and orbital angular momentum ),
* Frequency (energy)/time,

* Polarization (SAM)

Electromagnetic field can be fully represented as a superposition of discrete orthogonal modes in every optical

DoF



The electric-field vector, e(r,t) = Re{E(r,t)}, can therefore be expressed in terms of the complex electric field

E(r,t) = Z:Aq Ug(r) exp(ivaqt) €,
q

The g*" mode has:

frequency v,

Complex amplitude 4,
Related to field amplitude, initial phase

polarization along a unit vector €,

v

Spatial distribution characterized by complex function U, (7),

normalized such that [ |U, (r)|2 dr = 1.
This distribution can be gaussian, LG,... modes
U, (r) includes also terms like exp(ikz) that describes the propagation direction

Note : You can think about it like the description of any arbitrary periodic function as Fourier series with weighted

superposition of orthogonal functions



[Wlustrated:
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[WLlustrated:

No. of photons in every
EM mode,

Or equivalently the
energy per mode

<« Vacuum (no-photon) state
has energy = % hv

Figure 13.1-1 (a) Schematic of three electromagnetic modes of
different frequencies and directions in a cubic resonator. (b)
Allowed energy levels of three modes in the context of photon
optics. Modes 1, 2, and 3 have frequencies vi, v, and vs,
respectively. In the example presented in the figure, modes 1, 2,
and 3 contain n = 2, 1, and 3 photons, respectively, as

represented by the filled circles.

Note: In Quantum Optics, the space of bosonic modes is spanned by number (Fock) states: |0), |1), |2), |3) ..., |n), n is photons number



Bits & Qubits

Exam p|€SI 1- Amplitude encoding

Amplitude shift keying

1 e . Chhman

Q'Q..— Vth

1l @ >V, 10001010

Discrete two-state classical space
0, 1 are Fully distinguishable



Bits & Qubits

Examples: 2- Phase encoding

Binary phase shift keying

O @ —sinwt

1l @ sinwt

Discrete two-state classical space
0, 1 are Fully distinguishable




l @

Vv

Discrete two-state classical space

Bits & Qubits

Examples: 3- Polarization encoding

Polarization shift keying

——

V : Vertical H : Horizontal
polarization polarization

0, 1 are Fully distinguishable



Photonic Qubits can be realized in time

Qua ntum b|t (Qu b|t) Naturally, Quantum systems are in

“coherent superposition” of possible modes

Example: Polarization of a single photon E E,

Polarization of a single photon evolves as (complex) coherent superposition E E,
of two basis states, here E,, E, (polarization is a 2-D property)

Coherent superposition: Linear Circular
* Photonic modes are added,
** while keeping their relative phase

Orthogonal Polarization modes

: :
) = alH) + B|V) - <\E

t t
Complex amplitudes

polarization wavefunction is normalized : \/|a|2 + |B]% = 1




Photonic Qubits

Polarization as a qubit

lY) = a|H) + BIV) E “
l | g //\ "

) =ald +Blli> B | NPLE

" 0 o Linear Circular
=a|o|+ 8y = gl
w=al||+8[;] =g
Linear-polarization state: |linear) = cos g |H) + sing V)
Examples of polarization states:
1 1 .
Diagonal |ID) = ﬁ ([H) + V) Right-circular |R) = ?GH) —i|V))
1 . .
Anti-Diagonal |A4) = 7 (1HY = V) Left-circular |L) = ﬁ(llﬂ +i[V))




Bits & Qubits

Qubit [Y) : has a continuum of possible
values in C?, the complex space of dimension 2

s, .6
W) = COS§|O) + e'® smill)

0: polar angle € [0, ]
¢: azimuthal angle € [0,27]

1)
Bloch sphere



Bits & Qubits : Gates

1-bit gates

1-Qubit gate :

Infinite, any unitary operator U(2) is a gate! Bufer

In | Out
0 0
1 1

_[>W

Inverting Buffer

In | Out
0 1
1 0




Bits & Qubits : Gates

1-Qubit gate : Important examples:

Hadamard
Pauli- X
Pauli-Y
Pauli-Z

Phase

/8

Circuit
symbol

_E_

_E_

_Z_

_E_

_E_

Matrix
representation

1
V2 L1 —1
0 1] (Quantum NOT gate)
[ 1 0] 180° rotation about x axis

0 —i|180° rotation about y axis
L 7: O -

1 0 180° rotation about z axis

0 -1

[(1) 0] 90° rotation about z axis
[

1 0
[O et /4 ] 45° rotation about z axis

lm)
1 )
=] Y

Q 180° arc a

i =21

-
1)

1 1
Zl+x >_lo 1 ﬁli]:\/_il—lll



Half-wave plate (HWP) acting on polarization state

A /2 retardation waveplate
| g  optical axis

Odegrees Laser jzxe
4 4 1o A A
JBRBE ! // "4
Vertical /'
polarization HWP

HWP performs unitary rotation of polarization state

Operator of HWP (its axis is at angle 8 with the vertical direction)

}’d;\/‘ y
ifrcos26  sin26 g™ ™
T = e 2 ) >X
sin260 —cos 26 \X \




Your 1t Q gate realization using half-wave plate (HWP)

A /2 retardation waveplate T .
0 degrees Laser j;% sin268 —cos 26
14 4 o A A
j v ¥ / K K
/
Vertical /
polarization HWP

Example: Single photon with vertical polarization state and HWP with 8 = 45 deg.:

T(45°) . o
— 11y = [0 _ _ [cos90°  sin90° 1[0
i) = V) =11) = | Moy =TIV =[50 S0 0[]
HWP action _ lll _ 1H)
0

* Notice!ll 8 is under your full control in the Lab...

.TT

* For§ =0deg., T=c¢e'z [(1) _01] = ¢'2 7...The Pauli Z matrix (up to a global phase) m.

* For0 =45deg., T = e'z 0 1 = ¢'2 X ...The NOT gate or Pauli X matrix
g 1 0

VA

For = 22.5deg.,, T=¢ Zx/ill —1

] = ¢'z H ...The Hadamard gate




Quarter-wave plate (QWP) acting on polarization state

Quarter Wavelength Retardation Plate Action

Retarder
Optical Axis
i 45°]-Orientation
Non-Polarized Polanzation '
Incident Plane Circulari
IHlumination \ Polariz
Output
Quarter
s Wavelength
: Retardation
Figure 2 Polarizer Plate

Florida State University Copyright ) o
1 [1—icos(26) —isin(20)

P=%| Zisin(20) 1+ icos(20)

Example: Single photon with diagonal polarization state and QWP with 8 = 45 deg.:
T(45°)

1 .
[Woue) =TIV) = ﬁl_ll ]_l [(1)]

_ [—f’] = — [ﬂ == () +ilV) = |R)

) == l(l)] QWP action



Processing of polarization qubit

Half-wave plate Quarter-wave plate

_ [cos(26) sin(26) _ill—icos(ZH) —isin(20)
HWP(9) = lsin(ZH) —cos(28) QWP(6) = V2| —isin(20) 1+ icos(26)
Poincaré
sphere

“Quantum Photonics”, B. Saleh, just published in June 2025

Operator Matrix Implementation
Pauli X S HWP at 45°
10
. 0 —i HWP at 0° followed
Pauli Y [z 0 ] by HWP at 45°
Pauli Z 10 HWP at 0°
0 -1
Hadamard H % [} _11] HWP at 22.5°
Balanced-symmetric SU(2) [ =i R
U ; . Al 1 QWP at 45
. cosf  sinf
Reflection R¢(6) [sin 0 —cos 0] HWP at 6/2
. W. late (6/2) at 45°
Rotation-X [ cos®/2  —isin 0/2] ave plate (6/2) 2
Rx(6) ~ising/2  cos6/2 QWP+Ry (6)+QWP at 90°
Rotation-Z [e-iw/2 0 ] Wave plate ¢ at 0°
Ry(p) = e‘i“’/zUp(:p) 0 eie/2 plate
) Polarization rotator
Rotation-Y cosf/2 —sinf/2 or
Ry (0) = R(0/2) sinf/2  cos6/2 HWP a;{%% foléowed by
at 0

Any arbitrary U(2) operation

QWP(63) . HWP(8,) . QWP(6,)




Photonic Qubits can be realized in time

Temporal modes: Time is a continuous domain. Time bins

(where portions of the photon wavefunction are distributed |7~/)> = | O) + ﬁe iqb | />

between well-separated time instants labelled, e.g., |ty) , |t1)

.., |tn)) represent discretized modes of a temporal 2 time modes
wavefunction, and form a basis in the C" space.

v v

Time-bin qubit [Y) = alty) + ,Bei‘/’|t1)

Heavily unbalanced Mach-
Zehnder interferometer
Single
photon 1B1? |t1> |t0>
» -
. , 2
Optical waveguide ]

Switch
Variable coupler

* Red spot(s) represents photon wavefunction in space-time



Photonic Qubits can be realized in Space

_ i
Spatial modes: space is a continuous variable, however, the |l/)> = | O) + ,Be | 1)
spatial wavefunction can be represented as a superposition in

discretized modes (orthogonal function) or paths (labelled, two spatial modes

e.g., [So), |S1), ...|Sh—1)) and form a basis in C" space.

Path mode, plane-
wave modes ... etc.

Spatial (or path) qubit W) = alsy) + Bei?|s,)

S
Single S0)
hoton
P ||
— - Variable . _
- Optical waveguide splitter Dual-rail qubit
1812 ¢ 150)

* Red spot(s) represents photon wavefunction in space-time



Qubit Processing in path domain

Symmetric Beamsplitter Phase shift
1 2 E—
6
@

: 1 {F

cosf@ —isinf i 0
= _le

B5(0) l—isin@ cos 6 ] P(¢) = [ 0 1

Reflectance of the beamsplitter : sin” 6
Transmittance : cos? 6

p .BSH=[€ cos i sin
() (©) —ie'® sin @ cos 6

Any arbitrary U(2) operation



All what we have so far are single-qubit gates, what about two-qubit gates like CNOT

PBS

H § fH

0, Vz% ; ' o,
ve1.

Polarizing Beam splitter (PBS)

Single photons
—p

PBS,@s < = cNOT

=0 O O
o = O O

O O
o O R O




Qubits can be realized in different degrees of freedom of light

Polarization qubit Time-bin qubit Path (dual-rail) qubit
W) = a|H) + B|V) [Y) = alty) + Blty) ) = also) + Blsi)
) -5

E, - So

Orbital Angular Momentum (OAM) qudit

) = ale_p) + BIE_1) + ¥ 1€o) + 81¢1) + kl£) % =
No One \

Photons Photon w\ ;: ~1
OAM modes ' . E
m=—2

Fock-state qubit m = +1
) = al0) + BI1) m - B
7




Two Qubits

Two classical bits have four possible states, 00, 01, 10, and 11, what about two qubits?

2 qubits: A,B

[Y) = agpl04)105) + ag1]04)15) + a10|14)105) + @11114)[1p)

* Coherent superposition in 4-D space
*  Qpo, Xg1, X109, X117 are complex numbers (amplitudes).

* |y)is normalized, so \/laoo|2+|a01|2+|a10|2+|a11|2 =1

The hidden ‘information” in a;; grows exponentially with the number of qubits

For 3 qubits, we have 8 coefficients.
For 500 qubit, we have 2°°0 coefficient... larger than the estimated number of atoms in the Universe*
This exponential increase in guantum information with no. of qubits, widely known to be underlying the quantum supremacy

* Quantum computation guantum information, 2010, by Nielsen & Chuang



Special two-qubit states: maximally entangled states

1 1
[¢7) = —=100) + —=|11)

\/E \/z Widely used in many quantum applications:
* Quantum Teleportation
|¢—> — i |OO> - i |11> * Quantum encryption
\/’Z \/’Z * Quantum Computation
 Quantum superdense coding

o i i ...etc
W >_\/§|01>+ ﬁlw)

1 1
|7~/) ) \/E | ) 1/2 | ) Bell states: are orthogonal

in 4-D Hilbert space C*



Generation of Entangled photon qubits

Spontaneous parametric downconversion (SPDC)

By illuminating a nonlinear crystal by an intense laser beam,
some photons split into two daughter photons (traditionally named signal and idler photons).

AN

. . & on
Nonlinear interaction : Type | SPDC & pho
e°°\\ |
Energetic Pump photon ‘i
\\
\\\ 5
hotong
V N Hle (Probability < 10_6)

» Conservation of energy:  NWpymp = Awq + Aw;

» Conservation of momentum : 1 Kpymp = Ky + A K;



Generation of Entangled photon qubits

* Frequency-entangled photons

Conservation of energy: ha)pump = ha)l + hwz (hw is Photon energy, w is angular frequency)

photon >
Wpump
W1
Energetic Pump photon ® ‘
W3
Spectral wavefunction
PhotOn >
2 Nonlinear crystal

| We are totally uncertain about the values of frequencies wq, w-.
lo, o Once one of them is measured, the other will immediately have a certain value

Wy = Wpymp — W1

(Spectral state collapse)



Generation of Entangled photon qubits

* Momentum-entangled photons

Conservation of momentum: hkpump = hKky + hK, (2 k is Photon momentum, Kk is the wavevector)

photon >
kpump
k,
Energetic Pump photon ‘ ‘
k.
Transverse momentum wavefunction
Phol‘on
Nonlinear crystal 2

q>

We are totally uncertain about the values of momenta k¢, K.
Once one of them is measured, the other will immediately have a certain value:

k, = kpump - Ky
(Momentum state collapse)




Generation of Entangled photons

* Polarization-entangled photons

02
Nonlinear crystal(s) \ [— '
HH/ VvV
\Y; H &
H v 0
Laser beam
(Pump beam) H < o : Polarization
+ ! 00) + ! 11
Generation of photons in pairs #7) = \/El ) \/fl )
Nonlinear interaction: l
V—>H1H2 + H—>V1V2 l

Y = —|H Hy) + —= |V
+  Vertical polarized pump — horizontal polarized pair of photons » 7 \/fl 1H2) \/fl 1V2)

Horizontal polarized pump — Vertical polarized pair of photons Polarization-entangled state



Two polarization-entangled Photons

1t photon (50% <« , 50% I)

(

by = 1

H 2" photon (50% < , 50% 1)

* Once one photon is measured,
— The state collapses: the value of the other qubit becomes certainly known.
— QEntanglement violates locality : There is an immediate (nonlocal) action at a distance
— QEntanglement does not violate causality : This can not transfer information

* Photons are so far *
from each other

Polarization measurements 15t photon 2"d photon



Hyperentangled Photon Sources: Cascaded Structure

Diagonal HH
polarization v

- T w
Pump W l

Frequency momentum polarization
2

Hyperentanglement : 9> 0,

Entanglement in every degree of freedom of light

qi

1:(0 o
* Frequency entanglement 7@ @
Time Entanglement also exists:
Creation time is not known within the coherence time of the pump, until position is measured for one of the paired photons.

* Momentum entanglement
Position entanglement also exists :
Emission position is not known within the coherence width of the pump photon, until position is detected for one of the paired photons

* Polarization entanglement



Entangled photons generation, purification, measurements

Pump prepa ements
Pump Temporal Multimode | | Collection
taser | HWPaosom compensator QWP s050m HWPstonm  |PBS | | Gier optics

* Bell inequality was violated by a record :

2.618 £ 0.06

* Photon pairs are entangled in polarization, momentum &

frequency

....

* Polarization-entangled state :
1
V2

(|H{Hy) + e |V, V,))

Ed

Tw@-photan”

creation” _
Two-crystal set | [SLM driver | |PLUTO-vIS SLM | |m1, M2 | |interference E;af_';':&“; mounted
Purification Narrow
spectral

filter



. Experimental setup

. » Two-crystal: 0.5 mm BBO

24 > Pump laser: 405 nm, 30 mw

. > Detection filter: 10-nm centered
: at 810 nm

4§ > Multimode fiber detection

‘= » 2.6 deg. collection angle

Result
Coincidence counts: 4,100 s
Single counts: 139,200 s ™1
A Background counts : 95,300 s
.~ Collection efficiency:

4,100 s~ 1

-1

=l

= 9.39
139,200~ 1 - 95,300 571 2

39



Hyperentanglement : Entanglement in multiple degrees of freedom (DoFs)

Momentum Frequency Polarization
2))
q> .
) Two-photon wavefunction
03¢ in every DOF
1\ q:
%wp @

Effects such as birefringence, dispersion
Hyperentanglement’ Idea”y in nonlinear crystal couple these DoFs Actual SOUFCE

ll )

3 N
34 -
) 2 77
28 L 702
. 25 \
SIQn(ZI:gn)g e Signaliwavelength
’ (hm)

1 "
lp™) = i(|Hle> + [ViV2)) ™) = ﬁﬂHle) + ey, 1,))

V2
Independent degrees of freedom coupling inherent between photon’s
degrees of freedom (DoFs)

Spatial/
Angular

Temporal/
Spectral

At
bt

Phase function (deg.)

k Polarization
&

Polarization

(DoFs)

— High purity entangled state — Drop in Entanglement purity
— Errors in quantum Applications

— No Errors




Tunable Spatial-Spectral Phase Compensation of
Type-l (ooe) Hyperentangled Photons

Output state decoherence:
2- Temporal decoherence: limits the overlap of the photon pairs emitted by 15t and 2" crystals.
Important!!! when low coherence-time pump (such as diode laser and femtosecond laser) is used.

H-polarized cone Vertical Horizontal

component component .
P p H-polarized cone
45-degree /\

polarized pump

V-polarized cone V-polarized cone

Two-crystal source with (to the right) and without (to the left) temporal compensation

Al
“Tunable spatial-spectral phase compensation of type-I (ooe) hyperentangled photons”. JOSA B, 32(3), 445-450 (2015).



Purification of entangled photons over wide angles of emission — using SLM

SLM : Spatial light

modulator

f

J
{
/
/
/
i
{
{
{

p s-M

0O — n¢ ooy + (n; — ns ),

Variable in frequency

(n
¢DC(w1aw2;qla_q1) ~ { £ c

—q1x(tan pi- — tan py)

and spatial domains

—/

LS| ()] (5 )’
2 () (1) wa(ns)*(ns)’
cdiy | ng ng’

+

2 |oi(nf)® wy(ns)’

Optical Engineering 56(2), 026114-026114 (2017)

* Ay SLM
additional
phase

¢S LM

SLM Phase

100 250
Gray level

FIG. 3. (a) The two-dimensional quadratic relative-phase map (in radians) as pre-
dicted by Eq. (4) all over the SPDC cone. (b) Purifying SLM pattern to produce the
states [¢*) with high fidelity over wide emission angles. The pattern constitutes
the inverted modulo-2r grayscale of the map in (a). The white rectangle circum-
scribes the 2D SLM's active area on which the compensation image is loaded. This
area covers azimuthal-angle range ~57° (of the 180° representing half SPDC
cone); therefore, about one third of the noncollinear SPDC emission cone could be
manipulated. (c) Experimentally measured phase retardation introduced by the 8-bit
SLM at 810 nm plotted vs the gray display level (black:0 and white:255). The phase
measurement error (==0.0057) is smaller than the readout markers.

fixed in frequency
and spatial domains

{|H>1|H)2 + e!(@octésim) |V>1|V)2}/\/lz



Purification of entangled photons over wide angles of emission — using SLM

Experiment
Pump Temporal
taser | HWPwsem | om pensator QWP 4050m

HWPs10nm PBS

Multimode
fiber

Collection
optics

Two-crystal set | | SLM driver

PLUTO-VIS SLM

M1, M2

Interference
filters

Applied Physics Letters 117, 244003 (2020)

Diaphragm mounted
on x-y stage

Main experimental measurements

Coincidence maps

experimental

Normalized counts

0, (deg.)

theoretical

Relative phase

Measured relative phase (rad)

2w

experimental
.57

theoretical

43

Polar scattering angle (degrees)



Novel Hyperentangled Photon Sources: Superlattice Structure (SL)

Is there a design of nonlinear

structure that creates highly
7 77777 %

pure hyperentangled photons

state T l

|

Periodically poled
Cascaded crystals
Orthogonal optic axes

with no additional devices?

US Patent application 62/489,044, 2017
Sci. Reports 7(1), 4169, 2017.
CLEO (San Jose, USA, 2017).



Novel Hyperentangled Photon Sources: Superlattice Structure (SL)

7 /77774

Is there a design of nonlinear

structure that creates highly

7 /777 /7%

pure hyperentangled photons

state T l

T

Periodically poled
Cascaded crystals
Orthogonal optic axes

with no additional devices?

US Patent application 62/489,044, 2017
Sci. Reports 7(1), 4169, 2017.
CLEO (San Jose, USA, 2017).



Novel Hyperentangled Photon Sources: Superlattice Structure (SL)

7 /77774

Is there a design of nonlinear

structure that creates highly

7 /777 /7%

pure hyperentangled photons

state T l

T

Periodically poled
Cascaded crystals
Orthogonal optic axes

with no additional devices?

US Patent application 62/489,044, 2017
Sci. Reports 7(1), 4169, 2017.
CLEO (San Jose, USA, 2017).



Novel Hyperentangled Photon Sources: Superlattice Structure (SL)

Is there a design of nonlinear
structure that creates highly
pure hyperentangled photons
state

with no additional devices?

We answered this question:
Yes, using the novel Orthogonal qu

o

Periodically poled
Cascaded crystals
Orthogonal optic axes

7777 %

asi-phase-matched (OQPM) superlattice

y

U

US Patent application 62/489,044, 2017
Sci. Reports 7(1), 4169, 2017.
CLEO (San Jose, USA, 2017).

Alternating orthogonal optic axes
interleaved with
orthogonal periodic polling




Novel Hyperentangled Photon Sources: Superlattice Structure (SL)

SL structure corrects phase and group-

|HH)

Ny

gy py y y p y y y @
| |

AN
-
5
<
I\.
I\I
5
N

velocity mismatches concurrently.

Output hyperentangled state

US Patent application 62/489,044, 2017

Sci. Reports 7(1), 4169, 2017.
CLEO (San Jose, USA, 2017).

gy(2) A
K =R
0 n L B 142
U U U
e
[y) J dw;dw,dq,dq, [CDH(wl;wZ;ql;qZ)'H; 0)1iQ1>|Hi wz?‘lz) + CDV(U)p(Uz;(h:qZ)W' CU1'CI1)|V wz»‘lz)]
...................................................................................... Sln(MA(pHV)
Oy y (w1, wy;qq,q2) X A p(wy + wy;qq + QZ) SlnC(ZAKHVdHV)_
........................ et . sm(7 Ag H'V)
r Two layers Cell Structure |

Phase-matching function




Two-photon interference: a measure of temporal indistinguishability

Photon (a) Degenerate photons w; = w,
detectors 1.2

| 5 3 4 ’] 0.8-
\/ " \>< e -
/ / /_K ' o
X X

Photon 1

Photon 2 . \ Hong-Ou-Mandel Dip

(b) Non-degenerate photons w; # w,

Two possibilities cancel each other for two identical photons 1
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Quantum information units in higher-dimensional spaces

Qubits

The physical system is
associated with 2-
dimensional (2D)
complex vector space

This means it includes 2
mutually orthogonal
states (basis states)

) = a|0) + B|1)

|0), |1) are orthogonal
(0|1) =0

Qutrits

Ququarts

3-dimensional complex
vector space (C3)

This means it includes 4
mutually orthogonal
states (basis states)

1)
= al|0) + B|1) +v[2)

10), 1), 12)
are orthogonal

4-dimensional complex
vector space (C*)

This means it includes 4
mutually orthogonal
states (basis states)

1Y)
= a|0) + B[1) +v[2)
+ 6(3)

10),11),12), [3)
are orthogonal

Qudits

d-dimensional complex vector space




